The microstructure of transition aluminas obtained via the dehydration of boehmite has been characterized by using transmission electron microscopy (TEM). The presence of ␥-, ␦-, and -aluminas was identified by using selected-area electron diffraction. Modifications that resulted from the reordering of aluminum vacancies on octahedral sites in a cubic close-packed oxygen network have been detected and analyzed by using high-resolution transmission electron microscopy (HRTEM) combined with image simulations. A good correspondence of the observed and calculated images confirmed the ordering of vacant octahedral sites located on {011} and {011} planes that formed a zigzag configuration along the 〈010〉 direction. Two more arrangements of empty octahedral sites, but now concentrated on {001} planes, have been determined in the sintered powder-gel agglomerates. Structure analysis suggested that the modifications are all associated with the rearrangement of vacant sites during the phase transformation from ␥-alumina to ␦-alumina, and further to -alumina, and may be driven by configuration entropy minimization.
I. Introduction
T RANSITION aluminas obtained via the dehydration of boehmite (␥-AlOOH) have been the subject of attention, mainly because of their potential application as catalysts and/or carriers for catalysts. The dehydration of ␥-AlOOH at high temperature (∼1200°C) does not immediately result in the formation of corundum (␣-Al 2 O 3 ), the thermodynamically stable structure. Many metastable oxides, such as ␥-, ␦-, and -Al 2 O 3 , are produced as transition phases before conversion to ␣-Al 2 O 3 . The transformation sequence starting from boehmite is first ␥, in the temperature range of 350°-700°C, then ␦, between 800°and 1000°C, and subsequently , from 1000°to 1200°C, with a topotactic orientation being maintained throughout. 1, 2 Although these transition aluminas have been detected for many years, single-crystal X-ray techniques could not be used to study their structures, because the grain size does not exceed 300 nm in most cases; therefore, it is difficult to identify the detailed structure unambiguously. Based on those reports, these transition aluminas all have deformed cubic close packing of the oxygen anions; thus, structurally, the differences between them involve only the arrangement of cations in an approximately cubic-packed oxygen network. ␥-AlOOH has an orthorhombic structure, ␥-Al 2 O 3 has a tetragonal deformed spinel structure, ␦-Al 2 O 3 can best be described by a superstructure of ␥-Al 2 O 3 with the c-axis tripled because of ordering of cationic vacancies on octahedral sites governed by a screw tetrad parallel to the c-direction, -Al 2 O 3 forms a monoclinic phase, and ␣-Al 2 O 3 is rhombohedral. Table I summarizes these relevant structural data. The transformation between these phases can be considered as a rearrangement of aluminum ions, accompanied by an exchange of vacant octahedral and tetrahedral sites, which may cause complex structural modifications.
The purpose of the present study is to reveal the ordering behavior of the vacant octahedral sites during the transformation from ␥-to ␦-Al 2 O 3 , and further to -Al 2 O 3 , using highresolution transmission electron microscopy (HRTEM) combined with image simulation. It is part of a larger project in which homogeneous precipitation from metal salts is used to prepare nano-nanocomposites. For example, the presence of ceria (CeO 2 ) influences the phase transformation of the catalytic active ␥-Al 2 O 3 , which limits the crystal size to <10 nm. 3, 4 
II. Experimental Procedure
Alumina (Al 2 O 3 ) powder was produced from ␥-AlOOH that was dehydrated at 1200°C for 3 h. The powder was one sample out of two batches of five samples that were heat treated at different temperatures that were chosen in the abovementioned crucial temperature regions. One batch was based on the addition of cerium salt, and the other-the one under study-was based on the addition of barium salt. The Al 2 O 3 concentration was 2 × 10 −2 M, and an amount of metal equivalent to 10 mol% CeO 2 or baria (BaO) in Al 2 O 3 was used. A powder X-ray diffraction (XRD) scan showed the coexistence of ␦-Al 2 O 3 , -Al 2 O 3 , and BaOиAl 2 O 3 . The powder was dispersed in absolute alcohol using an ultrasonic agitator and placed on a carbon film that was supported by a copper grid. HRTEM was performed to examine the microstructure at the atomic level. A transmission electron microscopy (TEM) microscope (Model 4000EX/II, JEOL, Tokyo, Japan) equipped with a top-entry goniometer stage with tilt angles up to 30°in the x and y directions was used at 400 kV, which revealed the detailed structure of the transition aluminas. High-resolution micrographs were recorded under symmetrically incident conditions, to correspond with the image simulations. The direct magnification on the micrographs was 500 k×. The exposure time was chosen to be as short as possible, usually <2 s, to avoid specimen drift due to mechanical and electrical instability. Crystals with 〈100〉 orientations were selected so that the images always included the {001} plane, which makes it easy to identify the arrangement of aluminum vacancies along the 〈001〉 direction. Large-angle-tilt electron diffraction and energy-dispersive X-ray analysis were conducted using a TEM microscope (Model 200CX, JEOL) equipped with a side-entry goniometer stage and an energy-dispersive spectrometry (EDS) spectrometer (EDAX Instruments, Prairie View, IL).
Image simulations were performed by using the MacTempas multislice program. 5 The parameters of the microscope used in the simulation were as follows: the spherical aberration coefficient, C s , was 1.0 mm; the beam divergence, ␣, was 0.50 mrad; the Gaussian defocus spread, ⌬, was 5 nm; and the objective aperture, r, was 0.09 nm −1 .
III. Results
(1) Large-Angle-Tilt Electron Diffraction Figure 1 is a bright-field TEM micrograph of a modified transition-alumina grain. It was chosen because of its typical zigzag structure in the HREM image; however, this structure should be considered to be a general phenomenon, because it occurred in 50% of the ∼100 grains that were studied. The corresponding diffraction pattern was close to that of the ␦-phase material; however, the morphology was different, because typical ␦-phase material is similar in appearance to an elongated porous strip. EDS analysis proved the material to be free of barium. Initially, the new phase should have a tetragonal symmetry, with the a-and b-axes of the ␦-Al 2 O 3 structure doubled. However, by accepting this symmetry, one should expect the ( 1 ⁄2 1 ⁄20) superstructure reflection to be present in the diffraction pattern when the electron beam is parallel to the [110] zone axis; Fig. 2 (B) shows that this is not the case. Therefore, the ( 1 ⁄200) and (0 1 ⁄20) reflections both are not present in one grain at the same time. A very plausible explanation is that these superstructure reflections are produced by domains of the modified ␦-Al 2 O 3 structure with, alternatively, the corresponding a-or b-axis doubled. Such grains should show the (0 1 ⁄20) in the [100] electron diffraction pattern and the ( 1 ⁄200) in the [010] pattern. Because the ␦-phase has tetragonal symmetry, it is reasonable to believe that the a-and b-axes may be doubled equally when such a phase forms. These two grains relate to each other via a symmetric rotation around the [001] axis through 90°and result in a so-called 90°orientation variant.
The length of the c-axis of this structure could be determined with the help of the following consideration. If the c-axis would have remained the same during the transformation, the (111) reflection should have been present in Fig. 2(B) . However, this situation does not seem to be the case. The calculated reflections coincide with the experimental ones only if one assumes that the c-axis is reduced to half the original value. Therefore, the only consistent explanation of Figs. 2(A), (B), and (C) leads to the following cell constants: a ‫ס‬ 0.7943 nm, b ‫ס‬ 1.5886 nm, and c ‫ס‬ 1.175 nm. Based on these parameters, the superstructure reflections can now be indexed with only integer Miller indices: (010), (001), (110), (111), and (100). There does not seem to be any limitation for the combinations (hkl), (hk0), (h00), (0k0), and (00l). Therefore, it can be concluded that the Bravias lattice is primitive and no screw and glide symmetries are present in this modified phase, which will be confirmed by high-resolution images, as given in the next section. Figure 3 shows one of the corresponding HRTEM images. Important features of this image include the strings of image dots, usually four dots separated by 0.28 nm, with enhanced contrast and lying alternately on the (011) and (011) planes of the deformed spinel structure or the (013) plane of the ␦-phase. The strings appear in pairs and form a zigzag configuration along the [010] direction. These strings are apparently in the (010) mirror-related positions, and the periodicity of a unit of zigzag in the [010] direction equals double the length of the b-axis. Such an assignment of image dots modulates the original crystal, and the periodicities of modulation are determined in the micrograph to be 1.59 and 1.18 nm, along the [010] and [001] directions, respectively. In the 〈100〉 projected spinel structure, channels surrounded by cations and anions are 0.28 nm apart in the 〈011〉 directions, 6 so that the image dots in Fig.  3 may correspond to these channel positions. In analogy with the similar structure of iron(III) oxide (Fe 2 O 3 ), 7 the aluminum vacancies in the ␦-phase are thought to be ordered on the octahedral positions of the spinel structure and, thus, the strings of brighter image dots should relate to the concentration of Fig. 4(B) . Images obtained at an underfocus of −55 nm reflect the channels of the spinel crystal. In this case, the channels with aluminum vacancies around them are resolved as giving spots that have bright contrast. The stronger contrast is caused by vacant octahedral sites around the channels and shows a good match with the observed high-resolution micrograph. The image calculated at an underfocus of −65 nm reflects the projected potential of the crystal. In this case, octahedral positions are imaged and irregular contrast appears at the vacant octahedral sites. The coincidence of simulated contrast with experimental results confirms the suggested structure model.
(2) High-Resolution Imaging and Simulation

(3) Aluminium Vacancies Ordered on the (001) Plane
The coexistence of many grains that are often intergrown on a nanometer scale and with different arrangements of vacant octahedral sites, but belonging to the same stoichiometry of alumina, have been observed. Figure 5 shows another modified alumina. The characteristic of this figure is the periodic appearance of an isolated column of brighter image dots on the (001) plane. Such regular variations in image contrast due to the stacking sequence of the (001) planes represent a modulation wave in the host crystal with a wavelength of 1.18 nm along the [001] direction, which is half the length of the c-axis of the ␦-phase. In this image, the distance from dot to dot is 0.2 nm, which is equal to the distance between octahedral sites projected on the (100) plane. These image dots represent the octahedral sites that are known from the image simulation of Fig. 4(B) . The irregular contrast of image dots results from the empty octahedral sites. Figure 7 shows yet another high-resolution image taken of the same sample as that used in Fig. 5 . The major feature, based on the difference in contrast of the image dots in this micrograph, is similar to those in Fig. 5 , the only difference being an extra contrast with a periodicity of 0.59 nm along the [001] direction, which is half the periodicity of the modulation wave in Fig. 5 . Careful analysis on the spinel structure shows that it is impossible to introduce a superstructure with a periodicity of 0.59 nm along the 〈001〉 directions. The actual periodicity of the modulation wave in Fig. 7 should be 1.18 nm. The contrast variation have been proven to result from the presence of empty octahedral sites. A possible arrangement of aluminum vacancies is proposed and shown in Fig. 8(A) . In this case, four empty octahedral sites are divided into two groups and are arranged on alternative (001) planes that are separated by 0.59 nm along the [010] direction. Aluminum cations have also adjusted their positions, and the periodicity in the [001] direction is 1.18 nm, which is double the periodicity that appears in the high-resolution image. Three screw operations can be found along the cell axes: a 2 1 screw operation passes through empty octahedral sites along the [100] direction, another 2 1 screw operation also passes through empty octahedral sites at the height of 1 ⁄8 along the [001] direction, and a third 2 1 screw operation appears midway between two (001) planes with empty octahedral sites at the height of 5 ⁄8 along the [010] direction. The space group for this modified alumina is suggested to be P2 1 2 1 2 1 . Figure 8(B) shows the simulated images. The image obtained at a thickness of 5 nm with an underfocus of −65 nm shows the periodic change in contrast at the (001) planes with empty octahedral sites, and the change matches well with the observed change.
IV. Discussion
An early study in which the ordering of cationic vacancies was already mentioned has been made on the MgOиnAl 2 O 3 system. 8 For n ‫ס‬ 1, we have the normal spinel structure A[B 2 ]O 4 , with eight magnesium atoms at the eight tetrahedral positions and sixteen aluminum atoms at the sixteen octahedral positions. In this respect, ␥-Al 2 O 3 is a defect spinel with formula B 8/3 O 4 . Because there are fewer aluminum ions than needed to adopt the perfect spinel structure, they are rearranged over the available sites to give an almost-tetragonal unit cell with an inherent number of vacant sites, bringing with it a type of metastable character. A more recent study comes close to our original goal; it attempted to describe the influence of BaO on the stability of transition alumina. 9 However, in the area where we studied these vacancy-ordered transition aluminas, we could not find any traces of barium. Moreover, very similar intermediate phases were reported recently in nondoped Al 2 O 3 .
10,11 The first observation was made in material manufactured via electrohydrodynamic atomization, and the other observation was made in material produced from the melt. Both groups used convergent-beam electron diffraction to identify the structure of grains that were only tens of nanometers in size. In both cases, the lattice parameters were measured as (2a ␥ , 1.5a ␥ , a ␥ ). The original ␥-AlOOH sequence does produce a ␦-Al 2 O 3 with lattice parameters (a ␥ , a ␥ , 3a ␥ ), as was reported by Lippens and De Boer. 1 This was also our starting point; however, we now know that this former phase may also appear on the ␥-AlOOH sequence and for good reasons. A possible space group determination would be P2, which is not confirmed by the two convergent-beam determinations, of which one proposes P2 1 2 1 2 1 and the other suggests Pmma. In this most recent article, the presence of magnesium established the spinel structure even more. The transition-alumina phase with lattice parameters a ‫ס‬ b ‫ס‬ 0.56 nm and c ‫ס‬ 2.37 nm reported by Repelin and Husson 12 was not observed in this investigation.
It seems that the important characteristic of the ordering of cationic vacancies in these modified alumina phases is the reassignment of the c-axis to half that which belongs to the ␦-phase. The common (001) interplanar distance of these modified phases is beneficial for further transformation to thephase. Moreover, the distribution of vacant octahedral sites is no longer via the screw tetrad, which was lost during the reordering process; the distribution results in a change in space group, from tetragonal to orthorhombic and further to monoclinic.
A final point is the driving force for the vacant sites to be ordered. Ordering of vacancies is a frequently occurring phenomenon in alloys, ceramics, and natural minerals. A good example is pyrrhotite (Fe 1−x S). Iron vacancies that are ordered in different configurations in pyrrhotite have been observed to form many superstructures. 13 Calculations have shown that iron vacancies should always be ordered, to keep the energy of the crystal (mainly entropy) at a relatively low level.
14 Therefore, the driving force for the ordering of aluminum vacancies in these modified phases may be the configuration entropy, which stabilizes these structures. In a rather interesting paper based on neutron diffraction data, Zhou and Snyder 15 made the point (although they do not even mention the ␦-phase) that the transition from ␥-Al 2 O 3 to -Al 2 O 3 is a displacive rather than reconstructive recrystallization process.
V. Conclusion
Three modified transition aluminas have been suggested (Table II) . The vacant aluminum sites are proven to be located only on octahedral coordinated sites. No vacant sites have been found to be located on tetrahedral coordinated sites, which implies that these modified phases are closer to the ␦-phase than to the -phase. The cationic vacant sites are concentrated on planes with low indices, such as {011} and {001}. The reordering destroys the screw tetrad in the ␦-phase and introduces a phase transformation from tetragonal to orthorhombic and further to monoclinic; 90°orientation variants can be introduced during the rearrangement of cations. Term given in parentheses is the space group.
